The 70 kDa heat shock proteins (HSP70) are a family of molecular chaperones that bind transiently to unfolded proteins in an ATP/ADP dependent manner. Endo.SceI comprises a unique example for mitochondrial HSP70, which exists in a stable complex with a nucleolytic subunit as a multi-site specific DNase. The HSP70-subunit in Endo.SceI was autophosphorylated by ATP in vitro. The autophosphorylation was higher in the Endo.SceI complex form than in the free form. Although the autophosphorylation had no significant effect on the endonucleolytic activity of Endo.SceI, the factors favoring autophosphorylation protected the endonucleolytic activity of Endo.SceI against heat inactivation. ATP, adenosine 5 0 -O-(3-thiotriphosphate) (ATP--S), and ADP not only protected the endonucleolytic activity against heat inactivation in the presence of Ca 2þ ions, but also reduced the labeling of the HSP70-subunit by [-32 P]ATP in Endo.SceI. These findings suggest that the HSP70-subunit shields Endo.SceI from heat inactivation through ATP/ADP binding.
The HSP70-subunit is the mitochondrial heat shock protein 70 (mtHSP70) encoded by the nuclear gene, SSC1.
7) The 50 kDa catalytic subunit is a maturase-like protein encoded by a mitochondrial gene, ENS2. 8) After overexpression in E. coli and purification, the 50-kDa protein displayed weak and uni-sequence specific endonuclease activity in comparison with the heterodimer of the 50 kDa-and HSP70-subunits, 9) but no monomeric form of the 50 kDa-subunit was detected in vivo. 9) mtHSP70 plays an essential role in the translocation of polypeptides into mitochondria and subsequent proper folding, by maintaining their unfolded state in the matrix.
10) The major function of HSP70 is to transiently bind partially or totally unfolded proteins and maintain them in a refolding-competent state in an ATP/ADP dependent manner. Efficient refolding by HSP70s depends on repeated cycles of binding/release of substrates coupled to ATP hydrolysis, and ATP-ADP exchange coordinated by their conformational changes. 11, 12) Most mtHSP70 protein complexes become dissociated after translocation and folding, 13) but the 50 kDa-subunit of Endo.SceI remains bound to the HSP70-subunit in the matrix. Hence the HSP70-subunit of Endo.SceI is a unique example in which HSP70 acts as a subunit of an enzyme even under nonstress conditions. Furthermore, the ATP binding domain of mtHSP70 preferentially binds the 50 kDa-subunit in vitro, although other domains were required for Endo.SceI nucleolytic activity.
9) The role of mtHSP70 within the Endo.SceI complex appears to be distinct from those of the HSP70s in other substrate complexes. It is unknown whether the HSP70-subunit still has intrinsic activity as a chaperone in the native Endo.SceI complex.
The chaperone activity of HSP70 is modulated by ATP/ADP binding, and its ATPase and autophosphorylation activities. [14] [15] [16] [17] The general characteristics of HSP70 prompted us to investigate the regulatory roles of the HSP70-subunit of Endo.SceI. In this study, we investigated the ATP-related activities of the subunit in the native Endo.SceI complex and found that Ca 2þ ions and ATP/ADP induced the stabilization of Endo.SceI against heat inactivation.
Materials and Methods
Reagents. [-32 P]ATP was purchased from Amersham. Nucleoside triphosphates, ADP, and AMP were purchased from Yamasa Biochemical. Deoxyribonucleoside triphosphates were from Takara Shuzo. Molecular weight markers were from Pharmacia. Bovine serum albumin was from Boehringer Mannheim. Mitochondrial HSP70 was purified by ATP agarose chromatography from an SSC1-overproducing strain (MATa ade5 his7-2 leu2-3 leu2-112 trp1-289 ura3-52 ssc1::leu2 [pCGS1(URA3 SSC1)]).
18)
Purification of Endo.SceI. Endo.SceI was purified from about 2 kg of S. cerevisiae IAM4274 cells by the procedure described previously, 4, 5) with modifications as follows. The cell-free extract was treated with a derivative of chitosan (C-9; Kurita Water Industries) to remove the nucleic acids, and then was fractionated by a series of column chromatography steps: S Sepharose Fast Flow (Pharmacia), heparin Sepharose CL-6B (Pharmacia), Sephacryl S 200 HR (Pharmacia), and Matrex gel blue A (Amicon), in that order. Finally, 4:33 Â 10 6 units (dissolved in 4.2 ml) of Endo.SceI were applied on a column of native DNA cellulose (1:0 Â 15 cm), which was eluted with a linear gradient of KCl (0.0 to 1.0 M) in 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM 2-mercaptoethanol, 10 mM sodium bisulfite, and 50% glycerol. The active fractions of Endo.SceI (8:3 Â 10 6 units/mg) were stored at À20 C or À80 C and used in this study.
Assay for Endo.SceI. The standard reaction mixture (30 l) comprised 50 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 5 mM 2-mercaptoethanol, 50 mM KCl, 14 M (in nucleotides) Bacillus phage 105 DNA, and Endo. SceI. After incubation at 37 C for 30 min, the reaction was stopped by chilling in an ice-water bath, followed by the addition of 3 l of 0.1 M EDTA, 60% sucrose, and 2% SDS. The DNA product was purified by treatment with proteinase K (Merck) and phenol extraction, and then was examined by gel electrophoresis on a 0.8% agarose (type II Sigma) gel, as described previously. 6) One unit of Endo.SceI was defined as the minimum amount of Endo.SceI required for digestion of 105 DNA to produce the fourth-largest SceI-fragment. 6) In vitro phosphorylation. The assay mixture (10 l) included 50 mM Hepes, pH 6.5, 10 mM CaCl 2 , 5 mM 2-mercaptoethanol, 0.08 M [-32 P]ATP (25-185 TBq/ mmol), 6.6% glycerol, and 0.6 g of Endo.SceI. The incubation was carried out for 30 min at 37 C, and the reaction was stopped by chilling in an ice-water bath, followed by the addition of 3 l of 0.3 mg/ml bovine serum albumin and 40 l of 12.5% trichloroacetic acid -0.1 M sodium pyrophosphate. Acid insoluble materials were collected by centrifugation for 10 min at 10;000 Â g and washed twice with 1 ml of 80% acetone. The samples were dissolved in 40 l of sample buffer, and then SDS-10% polyacrylamide gel electrophoresis was carried out essentially according to the method of O'Farrell et al. 19) The gel was dried and exposed to Kodak X-OMAT film. For quantitative analysis of phosphorylation, radioactivity was measured with a BAS2000 image analyzer (Fuji Film).
Phosphoamino acid analysis. Phosphorylated proteins were separated by electrophoresis in 10% polyacrylamide gels containing 0.1% SDS. The band corresponding to the phosphorylated 75 kDa-(HSP70) subunit was identified by autoradiography and excised. The gel slice was soaked in 45% ethanol for 30 min, 10% ethanol for 30 min, and 10% 2-propanol for 30 min, and then washed with water several times. The gel slice was then crushed, and the peptide in the gel was hydrolyzed in 6 N HCl for 2 h at 110 C. The sample was mixed with phosphorylated amino acid standards and analyzed by thin-layer electrophoresis at 2.0 kV and pH 3.5 for 20 min. 20) Standards were located by ninhydrin staining, and then autoradiography was carried out.
Heat inactivation of Endo.SceI. Endo.SceI (0.6 g) was incubated at 45 C for 0 min to 10 min in 10 l of a solution containing 10 mM CaCl 2 , 1 mM ATP, 50 mM Tris-HCl, pH 6.5, and 5 mM 2-mercaptoethanol. After the addition of 2 l of 50 mM EGTA to avoid partial inhibition of Endo.SceI activity by Ca 2þ ions, Endo.SceI activity was measured under the standard conditions, as described above.
Results
In vitro phosphorylation of threonine in the HSP70-subunit of Endo.SceI
To investigate the role of the HSP70-subunit in Endo.SceI, we measured its intrinsic HSP70 activity. Various HSP70s function as ATPases and in ATP/ADPrelated peptide binding/release and autophosphorylation.
14,15) ATPase activity was not detectable in Endo. SceI by our standard ATPase assay (less than 1 mol ATP hydrolyzed/mg Endo.SceI protein/min). 21 ) ATP/ ADP-related peptide binding of HSP70 suggested that multisite-specific Endo.SceI activity might be affected by ATP or ADP, because the 50 kDa catalytic subunit alone showed weak, unisite-specific DNase activity, 9) but neither ATP nor ADP had any effect on Endo.SceI activity.
6) Next, we considered another possibility, that phosphorylation is the mechanism underlying the regulation of enzymatic activity in vivo, and we searched for conditions to demonstrate this activity. We found that the incubation of a purified preparation of Endo. SceI with [-32 P]ATP in the presence of Ca 2þ caused tight association of the radioactivity with a polypeptide (Fig. 1A) . The labeling was dependent upon Endo.SceI ( . This association was resistant to boiling in 3% SDS/5% 2-mercaptoethanol (data not shown). The 50 kDa-subunit, which is present in a 1:1 ratio with the HSP70-subunit, was not phosphorylated at all (Fig. 1A) . The labeled polypeptide migrated with the same mobility as the HSP70-subunit of Endo.SceI upon SDS/10% polyacrylamide gel electrophoresis (Fig. 1A) .
The presence of the HSP70-subunit in the labeled band on the gel was confirmed by immunoblotting with an anti-HSP70-subunit monoclonal IgG (A7501), and the labeled molecules were specifically immunoprecipitated by the anti-HSP70-subunit IgG (data not shown).
To identify the labeled residue on the HSP70-subunit, the labeled band was excised from the polyacrylamide gel and hydrolyzed with acid, as described above in ''Materials and Methods''. The labeled residue was identified as phosphothreonine by thin-layer electrophoresis (Fig. 1B) . Hence we concluded that the HSP70-subunit was phosphorylated at a threonine residue in Endo.SceI.
The phosphorylation and nucleolytic activity of Endo.SceI
The optimum pH for phosphorylation was around 6.0, and phosphorylation was dependent on Ca 2þ , not on Mg 2þ ( Fig. 2A) , similarly to the autophosphorylation C in 20mM CaCl 2 or MgCl 2 , precipitated with 10% trichloroacetic acid, and then washed with 80% acetone twice, as described in ''Materials and Methods''. The samples were electrophoresed in a 10% polyacrylamide gel as described by O'Farrell et al. 19) The gel was cut into two parts, and one part (lane 1) was stained with silver. C under the standard phosphorylation conditions, as described in ''Materials and Methods''. The [-32 P]ATP-labeled HSP70-subunit was isolated from the polyacrylamide gel. After hydrolysis of the polypeptide, the phosphoamino acids were analyzed by thin-layer electrophoresis, followed by autoradiography, as described in ''Materials and Methods''. The positions of the ninhydrin-stained phosphoamino acids, as internal markers, are indicated by arrows. characteristics of HSP70s. 14) No other ribonucleoside triphosphates competed with ATP in the phosphorylation (data not shown). Therefore the phosphorylation is specific to ATP. The endonuclease activity requires Mg 2þ , and Ca 2þ cannot substitute for Mg 2þ . 6) At the optimal pH for the phosphorylation, the Endo.SceI activity was almost completely depressed, but at the optimal pH for the endonuclease (pH 8.0-9.0), the phosphorylating activity remained at about 20% of the maximum level (Fig. 2A) .
The autophosphorylation of mtHSP70 is strongly stimulated when it forms a stable complex with the 50 kDa-subunit of Endo.SceI
At the final Endo.SceI purification step, doublestranded DNA cellulose chromatography, the active entity that phosphorylated the HSP70-subunit in the presence of Ca 2þ was co-purified with Endo.SceI (Fig. 2B) . In addition, the substrate of the phosphorylating activity was specific for the HSP70-subunit. The 50 kDa-subunit was not phosphorylated in Endo.SceI (Fig. 1A) , and exogenously added casein, bovine serum albumin, ovalbumin, IgG, or histone molecules were not phosphorylated to an appreciable extent by the Endo. SceI protein (data not shown).
When the amount of Endo.SceI was increased in the reaction mixture, the extent of HSP70-subunit phosphorylation increased linearly (0.2 mmol 32 P incorporated/mol HSP70-subunit/min, Fig. 3 ). Thus, phosphorylation by Endo.SceI is highly specific to the HSP70-subunit. These results suggest that Endo.SceI itself has the ability to phosphorylate its HSP70-subunit.
We wished to determine which entity was responsible for the phosphorylating activity in Endo.SceI. A plasmid bearing the SSC1 gene, which encodes the HSP70-subunit, was expressed in a strain of Saccharomyces cerevisiae that lacks the ENS2 gene, and the mtHSP70 was purified to homogeneity by ATP agarose column chromatography. 9, 18) The free form of mtHSP70 was incubated with [-32 P]ATP in the presence of Ca 2þ and was phosphorylated in vitro. Phosphorylation of the purified mtHSP70 was also linearly dependent on the amount of mtHSP70 protein, but the rate was much lower than that in the case of intact Endo.SceI (Fig. 3) . In addition, the 50 kDa protein lacks homology to protein kinases and ATPases. These results indicate (i) that the mtHSP70-subunit has the ability to phosphorylate itself, and (ii) that this activity is strongly stimulated when it forms a complex with the 50 kDasubunit. Thus, mtHSP70 phosphorylation is regulated in vitro by stable binding of the 50 kDa-subunit.
Endo.SceI activity is protected from heat inactivation under the phosphorylation conditions of the HSP70-subunit
To gain insight into autophosphorylation in Endo. SceI, we investigated the effects of HSP70-subunit phosphorylation on Endo.SceI endonuclease activity. Autophosphorylation of HSP70-subunit had no direct effect on the nucleolytic activity of Endo.SceI, and the phosphatase treatment of Endo.SceI caused no apparent change in endonuclease activity. Hence phosphorylation of the HSP70-subunit is not related to the regulation of Endo.SceI endonuclease activity (data not shown). Therefore we looked at the effect of HSP70-subunit phosphorylation on heat shock-induced inactivation of Endo.SceI nucleolytic activity. When Endo.SceI was incubated at 45 C for more than 10 min, nucleolytic activity decreased dramatically (data not shown). However, when Endo.SceI was incubated at 45 C under phosphorylation conditions, we found that Endo.SceI activity was protected from heat inactivation (Fig. 4) . Both ATP and Ca 2þ were required for this protection (Fig. 4) . These results suggest that phosphorylation of the HSP70-subunit protects Endo.SceI from heat inactivation.
The effects of ADP and ATP--S on the stabilization and autophosphorylation of Endo.SceI
Finally, we tested the effects of ATP derivatives on the heat stabilization of Endo.SceI. ATP, ADP, and ATP--S protected Endo.SceI from heat inactivation, while AMP did not (Fig. 5A) . Hence ATP hydrolysis was not required for heat protection, and ATP binding is sufficient for it. These data suggest that the binding of Ca 2þ and ATP to the HSP70-subunit induces a heatstable form of Endo.SceI, and that ADP has a similar effect.
Although the factors favoring phosphorylation protect the endonucleolytic activity of Endo.SceI against heat inactivation, ATP binding is important for heat protection, rather than autophosphorylation. The labeling of ) were assayed under the in vitro phosphorylation conditions, as described in ''Materials and Methods''. After electrophoresis, the dried gel was exposed to an imaging plate. Radioactivity was measured with a BAS2000 image analyzer. the HSP70-polypeptide by [-32 P]ATP was also decreased by unlabeled and excess ATP, ATP--S, or ADP, but was not affected by AMP (Fig. 5B) . These data suggest that ATP/ADP binding in the presence of Ca 2þ stabilizes Endo.SceI against heat inactivation through the ATP binding site of the HSP70-subunit for autophosphorylation.
Discussion
We found that the HSP70-subunit in Endo.SceI was autophosphorylated by ATP in vitro. The autophosphorylation was higher in the complex form, as Endo.SceI, than in the free form of mtHSP70. Therefore, it was regulated in vitro by complex formation with the 50 kDa protein. The factors favoring autophosphorylation protect the endonucleolytic activity of Endo.SceI against heat inactivation. ATP and ADP shielded the endonucleolytic activity of Endo.SceI against heat inactivation, possibly through the ATP binding site for the autophosphorylation of the HSP70-subunit. These findings suggest that the HSP70-subunit protects Endo.SceI from thermal inactivation through ATP/ADP binding.
Autophosphorylation of the HSP70-subunit of Endo. SceI
The HSP70-subunit of Endo.SceI undergoes autophosphorylation in vitro. The characteristics of the autophosphorylation were similar to those of the free form of mtHSP70, as previously reported, 14, 22) although the extent of phosphorylation was higher in the Endo. SceI complex than in the free form of mtHSP70. Thr-199 is the autophosphorylation site in DnaK, and the autophosphorylating activity is very strong within the physiologically relevant temperature range for E. coli growth. 23) Threonine phosphorylation was also observed in the HSP70-subunit in Endo.SceI (Fig. 1B) . The amino acid sequence around Thr-199 in DnaK is well conserved in the HSP70 protein family, and the corresponding residue is Thr-226 in mtHSP70/SSC1. Thr-199 in DnaK is critical for both ATPase activity and autophosphorylation. 23) Autophosphorylation may reflect the strength of the ATPase in HSP70, because it is considered to be a side reaction of ATP hydrolysis. 24) The ATPase activity of the HSP70-subunit remains to be determined.
Autophosphorylation of HSP70 requires Ca
2þ ions Ca 2þ ions are required for the autophosphorylation of the HSP70-subunit of Endo.SceI and for heat protection of the endonucleolytic activity with ATP/ADP. Two calcium ions were present in the human HSP70 ATPase domain structure: 25) the first site, a catalytic center, is essential for ATP binding, and the second, in close proximity to the first, is necessary for ADP binding in the ATP hydrolysis reaction. 26) This second site has been found only for Ca 2þ ions thus far. Although we do not know which and how many metal ions bind to the HSP70-subunit in vivo, it is possible that the metal ions binding in these sites are important to maintain the conformation of the HSP70-subunit during heat treatment. The heat protection of Endo.SceI by Ca 2þ ions is the first example of Ca 2þ ions or a second metal binding site playing a role in maintaining HSP70 structure, as predicted from crystal structure analysis. 25) The concentration of Ca 2þ ions and optimum pH for HSP70 autophosphorylation are not physiological. This may suggest the absence of some cellular factor in the in vitro experiments or a change in the native state of HSP70 during purification. 27, 28) Therefore, it is possible that the conformational change of the HSP70-subunit induced by ATP/ ADP binding in the whole region, including the substrate binding domain, contributes to the heat stability of Endo.SceI activity, but the region of the HSP70-subunit that contributes to the heat stability of the Endo.SceI activity remains to be identified.
The ATPase domain of HSP70 also makes specific complexes with other proteins, including the co-chaperone, GrpE, 29) and the BAG-1 and Hip proteins. 30, 31) All of these proteins are believed to be modulators of HSP70. For instance, GrpE binding to ADP-bound DnaK triggers ADP release and thereby accelerates substrate dissociation from DnaK. Interestingly, GrpE, as well as polypeptide substrates, inhibits DnaK autophosphorylation. 32) Consistently, the mammalian Grp75 (mtHSP70) and hsp58 (groE) complex was dissociated by the addition of ATP. Accompanying this dissociation was the concomitant autophosphorylation of Grp75.
33)
These autophosphorylation and protein binding properties of mtHSP70 are different from those of mtHSP70 in the Endo.SceI complex. The only reported data for the elevation of autophosphorylation in the HSP70 family is the case of DnaK by the heat response.
23) The elevated autophosphorylation of the HSP70-subunit in Endo.SceI is similar to the heat-induced situation of DnaK autophosphorylation.
The mtHSP70 in Endo.SceI has the potential to bind ATP/ADP The HSP70-subunit protects Endo.SceI against heat inactivation, and Ca 2þ ions play a role in protein stabilization with ATP/ADP. ATP--S and ADP, but not AMP, decreased the autophosphorylation of the HSP70-subunit in Endo.SceI. ATP--S and ADP, but not AMP, also shielded Endo.SceI activity against heat inactivation. Thus the HSP70-subunit has the potential to bind ATP/ADP in Endo.SceI. As described earlier, the 50-kDa protein formed a stable heterodimer with ADP-bound mtHSP70 without any need for denaturation of the 50-kDa protein in vitro, whereas the ATP-bound and nucleotide-free forms of mtHSP70 associated only weakly with the 50-kDa protein. 9) Heat might destabilize the complex of HSP70 and the 50-kDa protein, leading to a loss of endonucleolytic activity. If so, a supply of ADP might help to reassemble or to prevent the destruction of the Endo.SceI complex. Another possibility is related to the conformation of HSP70 induced by ATP and ADP. It was reported that HSP70 undergoes a conformational transition upon heating. The transition temperature midpoint (43 C) is increased in the presence of ATP or ADP (57 C). 27) This may explain why ATP, ATP--S, and ADP protect Endo.SceI activity against heat inactivation. These effects of ADP and ATP on the HSP family suggest that ATP/ADP-binding to the HSP70-subunit has an important regulatory role in Endo.SceI during heat shock. Although the role of autophosphorylation is not well understood, the protection of Endo.SceI from heat inactivation by ATP/ADP binding gives further support to the idea that HSP70, by acting as a subunit of an enzyme, plays an important role in regulating the stability and activity of Endo.SceI in vivo. 
